Abstract It has been suggested that over the course of an addiction, addiction-related stimuli become highly salient in the environment, thereby capturing an addict's attention. To assess these effects neurally in smokers, and how they interact with craving, we recorded electroencephalography (EEG) in two sessions: one in which participants had just smoked (noncraving), and one in which they had abstained from smoking for 3 h (craving). In both sessions, participants performed a visual-search task in which two colored squares were presented to the left and right of fixation, with one color being the target to which they should shift attention and discriminate the locations of two missing corners. Task-irrelevant images, both smoking-related and non-smoking-related, were embedded in both squares, enabling the shift of spatial attention to the target to be examined as a function of the addiction-related image being present or absent in the target, the distractor, or both. Behaviorally, participants were slower to respond to targets containing a smoking-related image. Furthermore, when the target contained a smoking-related image, the neural responses indicated that attention had been shifted less strongly to the target; when the distractor contained a smoking-related image, the shift of attention to the contralateral target was stronger. These effects occurred independently of craving and suggest that participants were actively avoiding the smoking-related images. Together, these results provide an electrophysiological dissociation between addiction-related visual-stimulus processing and the neural activity associated with craving.
bias toward these stimuli, thereby enhancing craving for them (Robinson & Berridge, 1993 . Several behavioral studies have observed such addiction-related attentional capture, suggesting that there are indeed potential interactions between attentional bias and addiction. For example, when participants who smoke regularly are simultaneously presented with an image of a smoking-related stimulus and a neutral image in different locations on a screen, and are asked to respond to the location (or type) of a probe presented after both images disappear, participants are faster to respond to the probe if it occurs at the location where the smoking-related image had previously occurred (e.g., Ehrman et al., 2002; Mogg, Field, & Bradley, 2005; Waters, Shiffman, Bradley, & Mogg, 2003) . This faster response in such visual-probe tasks has suggested that attention is more strongly present at the location of the addiction-related image, as would happen if participants had been cued to attend there (Posner, Snyder, & Davidson, 1980) . One key feature of these studies is that participants were never explicitly cued to attend to any image, and as such, any attentional capture observed was the result of the properties/ objects within the image itself that drew attention to that location (Field & Cox, 2008) . Findings such as these have been replicated across various substances of addiction, from cigarettes (e.g., Attwood, O'Sullivan, Leonards, Mackintosh, & Munafò, 2008) to alcohol (e.g., Field, Mogg, Zetteler, & Bradley, 2004) , to opiates (e.g., Lubman, Peters, Mogg, Bradley, & Deakin, 2000) ; however, such attentional capture is not consistently observed in all studies (see, e.g., Bradley, Mogg, Wright, & Field, 2003, Exp. 1) and may depend on the level of substance dependence (Hogarth, Mogg, Bradley, Duka, & Dickinson, 2003) , the gender of the participants (Perlato, Santandrea, Libera, & Chelazzi, 2014) , and how such bias is measured across various types of addictions (Field & Cox, 2008; Hendrikse et al., 2015; Leeman, Robinson, Waters, & Sofuoglu, 2014) .
If, indeed, such attentional capture by addiction-related stimuli is driven by the reward system, then one prediction would be that such attentional capture would be a rapid, automatic process. Colors and objects that have been associated with a monetary reward have been shown to capture attention in a rapid manner, enhancing (and sometimes speeding up) the rapid attentional shift toward those items, which occurs approximately 200 ms after the stimuli are presented in a search array Kiss, Driver, & Eimer, 2009 ). Such reward-based attentional priority could drive the shift of attention to an addiction-related stimulus in a bottom-up manner (e.g., such that an addiction-related item will tend to Bpop out^in a visual scene), thereby rendering the draw toward addiction-related stimuli automatic, and thus more daunting for addicts to overcome. The evidence is mixed, however, that attentional capture in addiction is in fact a rapid, automatic process. Some behavioral evidence suggests that attention is already drawn toward the addiction-related stimuli at very early (e.g., 50 ms; Noël et al., 2006) time periods. Furthermore, at around 200 ms, wherein reward-related attentional capture effects have been found (e.g., Donohue et al., 2016) , two studies using smoking-related stimuli did find attentional capture by these images in smokers (Bradley, Field, Mogg, & De Houwer, 2004; Chanon, Sours, & Boettiger, 2010) . Other studies, however, have not found such attentional capture at 200 ms (e.g., Bradley, Field, Healy, & Mogg, 2008) , or have found it only in male participants (Perlato et al., 2014) , leaving the question open as to how automatic the capture of attention by addiction-related stimuli may be. The majority of studies examining attentional capture that have consistently found an attentional bias toward addiction-related stimuli have only tested longer stimulus-probe onset asynchronies (e.g., 500 or 2,000 ms; Attwood et al., 2008; Bradley, Garner, Hudson, & Mogg, 2007; Bradley et al., 2003; Ehrman et al., 2002; Mogg et al., 2005; Waters et al., 2003; see Field & Cox, 2008 , for a discussion), so it is unknown whether they would also have revealed a rapid capture of attention by these addiction-related stimuli.
Several studies have used electroencephalography (EEG) to examine the timing of the neural response to addictionrelated stimuli as compared to neutral images because this can offer a more precise marker of when attention may be captured than can behavior alone (e.g., Franken, Hulstijn, Stam, Hendriks, & van den Brink, 2004; Littel & Franken, 2007) . The findings showed enhancements of slow-wave event-related potentials (ERPs), such as the P300 or the slow positive wave, to addiction-related stimuli, suggesting that attentional capture happens rather late in time (Franken et al., 2004; Littel & Franken, 2007; see Littel, Euser, Munafò, & Franken, 2012 , for a review). However, as with the behavioral studies, findings of neural signatures of enhanced attentional capture are not always present, with one study failing to find a significant difference in attentional capture by smoking-related images for the P300 and the earlier P2a between smokers and nonsmokers (Bloom, Potts, Evans, & Drobes, 2013) . Indices of earlier electrophysiological signatures of attentional capture, such as the P1 and N1, have only been examined in one study using smokers and nonsmokers, and these components did not appear to differ across the groups (Littel & Franken, 2011) , although these components did differ across categories of images presented (e.g., smoking vs. positive images, for the P1). These early components (e.g., the P1) can be highly sensitive to the physical properties of the stimuli (e.g., luminance, spatial frequency; Ellemberg, Hammarrenger, Lepore, Roy, & Guillemot, 2001; Hansen, Johnson, & Ellemberg, 2012; Tobimatsu & KuritaTashima, 1993) , as well as to attention (Mangun, Buonocore, Girelli, & Jha, 1998) , and as such, it is unclear whether the lack of early modulation observed in the Littel and Franken (2011) study was due to physical differences between the stimuli overwhelming any differences that may have been related to attention, or whether attention simply would not be drawn to the smoking-related stimuli at such an early time period. Critically, of the aforementioned addiction-related ERP studies, only Littel and Franken (2007) explicitly controlled for the low-level physical characteristics of the stimuli used, and as such, any attentional capture reported in the other studies may have been due at least in part to these physical differences (e.g., luminance), as well as to the complexity of the stimuli themselves, rather than to the addiction-related properties of the stimuli per se.
In addition to the mixed evidence concerning whether and when addiction-related stimuli receive attentional priority, the manner in which the allocation of attention to such stimuli may interact with craving is even less clear (see Field, Munafò, & Franken, 2009 , for a review). When participants are presented with words or pictures related to their addiction, they often report an enhancement of their subjective amount of craving, as compared to when they are presented with neutral stimuli (e.g., Janes, Park, Farmer, & Chakravarty, 2014; Lovett, Ham, & Veilleux, 2015; Michalowski & Erblich, 2014) . This implies that exposure to addiction-related cues enhances craving. Franken (2003) proposed a model of addiction wherein attentional bias and craving can act in a reciprocal manner to enhance one another. However, some evidence suggests that this relationship between craving and attentional bias may not always be reciprocal. Specifically, when smokers performed both a modified smoking-related Stroop task and a visual-probe task examining behavioral responses to smoking-related versus neutral stimuli, a main effect of attentional bias toward the smoking-related stimuli was found; however, this effect did not interact with craving (Mogg & Bradley, 2002) . Nevertheless, a study using the visual-probe task in smokers who were either craving or not craving a cigarette revealed that, although the response time to the addiction-related probes did not interact with craving, craving participants did exhibit a longer dwell time on the smoking-related images, suggesting that visual focus can be influenced in some key ways by craving .
Given the lack of a consensus as to how attentional bias and craving may interact in addiction, we sought to determine both the neural basis of the attentional capture by addiction-related images in smoking-addicted participants, and how such capture might interact with craving. To this end, we used EEG recordings of brain activity, a technique that allowed us to extract a neural marker of the shift of attention toward a smoking-related image on a millisecond timescale. In particular, we focused on an ERP component called the N2pc, which is a robust marker for the shift of attention to the spatial location of a stimulus, occurring approximately 200 ms after stimulus onset, contralateral to the location of the attentional shift (Eimer, 1996; Hopf et al., 2000; Luck & Hillyard, 1994) . The N2pc has been used to show reward-related attentional capture by colors (Kiss et al., 2009) and objects , with these studies indicating that when participants shift attention in a search display toward reward-related items, this marker of attentional shift is both earlier in time and enhanced in amplitude. This specific component has previously not been used to determine the presence of attentional capture by addiction-related stimuli, but given that it can robustly indicate the shift of attention at an early time period, the N2pc would be particularly useful for detecting early signs of attentional capture in smokers.
To specifically assess the implicit capture of attention by addiction-related stimuli, we instructed participants to shift attention to a target of a specific color and to perform an orthogonal discrimination on the target. Embedded in the target and distractor stimuli were task-irrelevant images of either smoking-related or neutral items. Such a design allowed us to track the shift of attention to a color target and to determine how this process was modulated by the presence of a taskirrelevant smoking-related stimulus embedded in that target. Furthermore, participants completed the task twice, once when they had just smoked (non-craving), and once when they had not smoked for over 3 h (craving). If the shift of attention to addiction-related stimuli in smokers is an automatic process, then they should shift attention more rapidly to the target when the smoking-related images were embedded in it. Likewise, if the smoking-related images were embedded in the distractors, this should draw attention to them, which we should see in the form of an enhanced N2pc to the distractor. Furthermore, it is possible that this attentional bias might be enhanced under conditions of craving, since the drive to smoke under these circumstances would be higher, thereby tending to make the addiction-related stimuli more salient.
Method Subjects
Data from 24 healthy participants were included in this study (14 male, 10 female, all right-handed, mean age = 25.2 years, age range 22-31 years). The participants were prescreened for inclusion, and they all reported that they had smoked at least ten cigarettes per day for at least the past 6 months. Data were gathered from five additional participants, but they were excluded due to excessive physiological noise in the data (eye blinks and/or eye movements, N = 4) or because the participant fell asleep (N = 1) in at least one of the two sessions. All experimental methods and procedures were approved by the Ethics Committee at the Otto-von-Guericke University of Magdeburg, and all participants gave written, informed consent prior to participation and were compensated for their time.
Craving manipulation
Each participant took part in two experimental sessions. In one session, he or she had smoked approximately 45 min prior to the acquisition of neural data (the delay being due to the time it took to place the cap on the head and obtain a good connection between the scalp and the electrodes; see the detailed description below). In the other session, participants arrived 3 h prior to the experimental session and were closely monitored to ensure that they did not smoke during that time. They were therefore craving a cigarette by the time the neural data were recorded (approximately 3 h 45 min after their last cigarette). In both sessions, they performed the same visualsearch task, and the order of the sessions was randomized and counterbalanced across participants.
Stimuli and task
The experimental design was similar to that used by Donohue et al. (2016) with non-addicts. Each trial began with the presentation of two colored squares (one cyan and one yellow) located in the lower left and lower right quadrants (see Fig. 1 ). The central-most corner of each square was 1.72°below and 2.64°to the left or right of fixation. Each square subtended 3.3°× 3.3°of visual angle. From each square two corners were missing, each of which subtended 0.77°× 0.77°of visual angle; the corners could be either collinear or diagonal with respect to one another. The colors of the squares and the locations of the missing corners within the squares varied randomly from trial to trial, but the locations of the squares themselves remained constant throughout the experiment.
Prior to the start of the session, every participant completed a flicker-fusion task in which the luminances of the yellow and cyan colors used were equated. Each participant was then assigned a color to which he or she should attend (e.g., cyan) for both sessions. On each trial, the participants had to shift attention to the target color (for this example, to the cyan square located on either the left or the right side of the display) and determine whether the corners that were missing from that square were collinear or diagonal. The squares were displayed for 500 ms, after which the fixation cross remained on the screen for 700 ms. The participants responded with a button press using the index or middle finger of their right hand. For every trial, participants received performance feedback in the form of a 450-ms screen indicating whether or not their response was correct. Subsequently, the fixation cross remained on the screen for a period of time jittered between 200 and 400 ms, after which the next trial began.
The key experimental manipulation was entirely task-irrelevant. Specifically, in order to determine the influence of the addiction-related stimuli on attentional capture, a grayscale image was presented within each colored square. These images were from either a nicotine-related product category (e.g., cigarettes, lighters) or an office-supply category (e.g., pens, a USB stick). Across categories, the images were equated for general physical similarity and mean luminance values, to avoid any low-level physical confounds that could attract attention to one category over another. In addition, any writing was removed from the objects to prevent the potential capture of attention due to written semantic content. Although keeping the stimuli physically similar may have slightly decreased the appeal of the smoking images, in this study we wished to test the attention-capturing properties of very basic addictionrelated stimuli. By minimizing the physical differences across the categories, we are able to determine that any effects we observed here were not due to categorical physical differences, but rather to the inherent meanings of the different objects to the smokers. Each category of objects had 40 different images, and each of these images was presented a total of 40 times (paired with either the target or the distractor color) over the course of the experiment. The pairings of the images with either the target or the distractor stimulus produced four different Fig. 1 (A) Example stimulus configuration. The participant had to shift attention to the attended color (e.g., cyan) and determine whether the missing corners were collinear or diagonal. Embedded within each square was an image that was either from a smoking-related image set or from an office-supply image set. Shown here is an example of a targOffice_distSmoke trial. (B) Trial structure. Each trial began with the presentation of the search array, followed by a period of fixation. Feedback as to the accuracy of the response was subsequently presented on each trial. conditions: (1) smoking-related image in target position, officerelated image in distractor position (targSmoke_distOffice), (2) smoking-related images in both target and distractor (targSmoke_distSmoke), (3) office-related image in target, smoking-related image in distractor (targOffice_distSmoke), and (4) office-related images in both target and distractor (targOffice_distOffice).
Participants completed a practice block in each session prior to the start of the experiment, during which they were given feedback on their ability to maintain fixation and on their behavioral performance. Ten experimental blocks, each lasting just over 5 min, were completed, for a total o f 1 9 6 t r i al s p e r ex pe r i m e nt al co n di t i o n (e . g. , TargetLeftSmoke_DistractorRightOffice). In addition, brief designated rest periods, during which participants were encouraged to blink, were inserted throughout the blocks. After the experimental session, resting-state data (not reported here) were acquired for each participant.
Questionnaires
Participants were administered the Fagerström Test for Nicotine Dependence (FTND) to determine their level of nicotine dependence (Heatherton, Kozlowski, Frecker, & Fagerström, 1991) . Just prior to collection of the neural data, participants were also given the Questionnaire on Smoking Urges (QSU) to determine their subjective level of craving through both positive symptoms (Bdesire and intention to smoke with an anticipation of pleasure from smoking^) and negative symptoms (Bthe relief from nicotine withdrawal or the negative affect associated with an urgent and overwhelming desire to smoke^; Müller, Mucha, Ackermann, & Pauli, 2001; Tiffany & Drobes, 1991) . Additional measures of reward-seeking and personality were obtained through the BIS/BAS questionnaire (Carver & White, 1994) . All versions of the questionnaires were administered in German, since that was the native language of the participants.
EEG data acquisition
Continuous EEG was recorded during both experimental sessions. The EEG data were acquired with a Neuroscan recording system (El Paso, Texas, USA). The EEG cap contained 32 channels (Easycap, Herrsching, Germany), including one channel placed below the right eye (VEOG) and one channel placed to the right of the right eye (HEOG) for detecting blinks and horizontal eye movements, respectively. The data were referenced online to the right mastoid, sampled at a rate of 508 Hz, bandpass-filtered online from DC to 50 Hz, and the impedance for each channel was maintained below 5 kΩ.
EEG data analysis
The EEG data were divided in epochs offline, from -200 to 1,200 ms relative to stimulus onset, with only correct trials (i.e., those in which an accurate response occurred within a +200-to 1,200-ms post-stimulus time window) being retained for further processing. For each individual subject, peak-topeak artifact rejection thresholds were determined in a manner that was blind to the specific conditions. These thresholds, which ranged from 50 to 140 μV, resulted in a mean 17.2 % of trials being rejected when the participants were not craving, and 19.2 % when they were craving. These rejection percentages did not differ statistically from each other [t(23) = 1.16, p = .26]. The data that remained after artifact rejection were then selectively averaged as a function of the various conditions and trial types. The ERP data were re-referenced to the average of the left and right mastoids. A grand average was then computed across participants separately for the craving and non-craving sessions. For plotting and statistical analysis, the data were baseline-corrected to the interval from -100 to 0 ms pre-stimulus.
P1 and N2pc extraction To determine the electrode sites for statistical testing for each of these effects in an unbiased manner, the ERP data were collapsed across all conditions and sessions. The visual-evoked response (the P1 component) was determined to be maximal (averaged across conditions and sessions) from 100 to 140 ms post-stimulus at sites PO3/PO4. The mean amplitudes for each condition and session were obtained for each participant at these sites for this time period, and these values were subjected to the statistical analyses described in the Results section below. This component was analyzed for the purpose of confirming that our physical controls for the categories of stimuli were sound. That is, if the categories of images used differed in a manner for which we were unable to control, the P1 component, which is sensitive to differences in such low-level properties as spatial frequency and luminance, would reflect as much.
The N2pc was extracted by subtracting those visual responses associated with right-visual-field targets from those associated with left-visual-field targets (separately for each condition and session). Averaged across conditions, this resulted in an N2pc effect that was maximal at sites PO7/PO8 during the post-stimulus time window of 175-275 ms.
Results

Questionnaires
The level of nicotine dependence, as measured with the FTND, varied across participants (score range: 1-8, mean = 4.67). The mean BIS/BAS scores (and standard deviations) were as follows: BIS mean = 20.3 (4.1), BAS Total = 40.9 (5.3), BAS-Drive = 12.4 (2.2), BAS-Fun Seeking = 12.2 (2.2), BAS-Reward Responsiveness = 16.3 (2.1). The craving manipulation was successful across participants since they reported significantly more craving, as measured by the QSU, for both the first factor, Positive Symptoms (see the Method section) [mean non-craving = 4.67, mean craving = 5.84; t(23) = 7.19, p < .001], and the second factor, Negative Symptoms [mean non-craving = 2.37, mean craving = 3.25; t(23) = 4.35, p < .001]. The total QSU scores also significantly differed from each other as a function of craving [mean non-craving = 3.64, mean craving = 4.59; t(23) = 8.35, p < .001]. Interestingly, we found no correlation between the FTND and either of the QSU factors, suggesting that the level of overall nicotine addiction was not specifically related to the amount of craving that resulted from the craving manipulation in our experiment.
Behavior
The accuracy and response time (RT) data were submitted to two separate analyses of variance (ANOVAs), with the factors Craving (two levels: craving, non-craving), Smoking-Related Stimulus Present in the Target (two levels: present, not present), and Smoking-Related Stimulus Present in the Distractor (two levels: present, not present). Overall, participants were highly accurate in their judgments of the missing corners of the target squares (see Fig. 2A The manipulation of the embedded images, therefore, did not significantly impact behavioral accuracy, but having a smoking-related stimulus present in the target did increase the RT, regardless of whether or not the participants were craving a cigarette.
Early sensory-evoked component (P1) To determine whether any differences were present in the sensory-evoked visual responses to the onset of the stimuli, we examined the P1 component (see Fig. 3 ) in the ERP data. A repeated measures ANOVA was run on the mean amplitudes of this component from 100-140 ms, with the factors Craving (two levels: craving, non-craving), Electrode/Sensor Location (two levels: left hemisphere, right hemisphere), Target Location (two levels: left hemisphere, right hemisphere), Smoking-Related Stimulus Present in Target (two levels: present, not present), and Smoking-Related Stimulus Present in Distractor (two levels: present, not present). This analysis revealed a main effect of Craving, whereby the mean amplitude of the P1 was significantly larger when participants were craving than when they were not craving [F(1, 23) = 10.54, p = .004, η p 2 = .31]. No other significant effects or interactions were present (all ps > .05; see Table 1 for details of statistical output).
N2pc
The N2pc was extracted by taking the response to the targets on the left side and subtracting from it the response to the targets on the right side, and then collapsing across the left and right sides for the traces and statistics, creating a difference between targets presented contralaterally versus ipsilaterally (see Supplementary Fig. 1 for the original, lateralized waveforms) . This demonstrated a robust shift of attention contralateral to the target side (Fig. 4) . To probe any effects of condition and/or craving on this shift of attention, the data that captured the N2pc (175-275 ms) were submitted to a repeated-measures ANOVA with the factors Craving (two levels: craving, non-craving), Smoking-Related Stimulus Present in Target (two levels: As such, the shift of attention to the target was indeed modulated by the presence or absence of the addiction-related stimulus image, but these effects were not influenced by the participants' states of craving.
Discussion
In this study, we examined the neural reflections of addictionrelated attentional capture under conditions of craving and noncraving by using EEG recordings in 24 smokers. To this end, we used a task that allowed for the separation of the participants' task-related goal (a shift of attention to a colored target to make a discrimination about its missing corners) from the presentation of addiction-related stimuli, which were embedded in the target, in the distractor, in both the target and distractor, or were not present at all. Such a design allowed us to track how the capture of attention by addiction-related items modulated the attentional shift to, and subsequent processing of, the color target, relative to neutral non-smoking-related images. Behaviorally, participants were slower to respond to the corner detection task when a smoking-related image was present in the target than when it was absent from the target. In our neural measures, we observed that the shift of attention to a color target, as reflected by the N2pc, was enhanced when that target had a neutral image embedded in it relative to when it contained a smoking-related image, paralleling the behavioral effects. The shift of attention to the target was also modulated by the presence of a smoking-related image in the distractor, with an increased N2pc to the target when the addiction-related image was present in the distractor. Craving did not interact with the shift of attention to the target square or with the behavioral measures, but instead showed a more general modulatory enhancement of the early sensory-evoked P1 component, regardless of stimulus type. Thus, our results suggest that attention is not rapidly captured by, or at least drawn to, addiction-related stimuli in smokers. Indeed, nicotine-addicted participants appeared to direct their attention away from the smokingrelated stimuli. Moreover, these data provide evidence of a neural dissociation between the arousal effects of craving, reflected by modulation of the early sensory-evoked P1 component, and stimulus-related modulations of attentional shifting, reflected by effects on the N2pc and RTs. Fig. 2 (A) Mean percentages correct across participants (N = 24). Overall, accuracy was high and did not differ significantly between the image conditions or as a function of craving. (B) Mean response times across participants (N = 24). The response times did not differ significantly as a function of craving; however, participants were slower overall to respond to the targets when a smoking-related image was present versus absent. In both panels, error bars represent the standard errors of the means. Fig. 3 P1 effect. (A) The P1 effect is shown for the event-related potential data averaged across sites PO3 and PO4. A larger P1 response was elicited when participants were craving than when they were not craving. (B) Topographic distributions of the P1 effect when participants were craving (left) versus non-craving (right).
The pattern of attentional-shift-related activity, as reflected by the N2pc, indicated that participants were shifting attention more strongly toward the office supplies, rather than toward the cigarettes. If one assumes that addiction-related stimuli carry a rewarding value, then this pattern of activity is in contrast to what has been seen in previous studies using rewarded items. Specifically, previous studies that have used rewarded colors (Kiss et al., 2009 ) and rewarded objects in visual-search tasks have shown a larger and earlier N2pc to these rewarded items. Not only did we not see such attentional bias occurring on this response, in the present study we observed the highest-amplitude modulations to the target when it contained a neutral office-supply image. Likewise, when a smoking image was present rather than absent in the distractor, the N2pc to the target was also greater, again suggesting an active avoidance of the smokingrelated image. The way in which attention is allocated in addiction contrasts with a reward-related attentional bias, in which items that are associated with a reward appear to automatically capture attention, even when they are not relevant for the current task (Anderson & Yantis, 2011a , 2011b Harris et al., 2016; Hickey, Chelazzi, & Theeuwes, 2010; Qi, Zeng, Ding, & Li, 2013) . Here, perhaps, participants were invoking top-down control mechanisms to avoid potentially unwanted addiction-related images.
Key to the interpretation of the results is the understanding of what processes give rise to the N2pc. In a study conducted by Hickey and colleagues (2009) , they found that the N2pc appears to comprise both the processing of a target (termed the N T ) and the processing of a distractor (P D ). These processes Only the main effect of craving (in bold) reached significance.
sum together, resulting in the activity observed in the N2pc, which reflects both the attentional selection of a target and the suppression of a distractor. Although our present design was not optimized to pick up target selection and distractor suppression processes separately, we can, at least in a qualitative manner, assess the relative influences of these two processes. An examination of the traces in Fig. 4A shows that when the target is held constant (e.g., is a smoking-related image) and the distractor is either a smoking-related stimulus or an office supply, the amplitudes of the N2pc differ, suggesting an influence of the distractor processing on this component. Interestingly, the N2pc to the target appeared to be larger when the distractor was a smoking-related image than when it was an office supply, likely indicating that the distractor-related suppression processing (i.e., the P D ) was larger under this circumstance. This bolsters the idea that the participants were trying to shift attention away from/ suppress smoking-related stimuli. At first glance, it might seem that our attentional-bias effects are in contrast to those previously reported (e.g., Ehrman et al., 2002) . It should be noted, however, that some key differences distinguish the paradigm presently used and previous work. First, the stimuli that we used were physically controlled and equated for luminance, to eliminate any bottomup physical differences from driving any image-related effects, whereas other studies either have not explicitly controlled for this (e.g., Versace et al., 2010) , or have used stimuli that are far more complex (Littel & Franken, 2007) , and perhaps more Bappealing^to smokers. Second, other studies observing such a bias toward attentional capture have either used tasks such as the addiction-related Stroop task, wherein the mechanisms of attentional bias may occur later in time (e.g., Munafò, Mogg, Roberts, Bradley, & Murphy, 2003) , or have observed such effects only when examining probe responses occurring over an extended time period, as late as 2,000 ms (e.g., Mogg et al., 2005) . Because we did not examine such late time periods, we cannot say whether we would have also found evidence for late attentional capture by addictionrelated stimuli. Third, the time period during which some studies have observed an attentional bias (e.g., 500 ms; Ehrman et al., 2002; Waters et al., 2003) , actually falls within the timing of inhibition of return effects (see Klein, 2000 , for a review). What this could imply is that, although participants in those studies did show an attentional bias toward the addiction-related stimuli, this could have been due to an initial direction of attention toward the non-addiction-related stimuli, followed by the direction of attention away from those images (i.e., toward the smoking ones) at 500 ms. Fourth, the present study did not include a non-smoking group with which to compare the attentional capture results. Although our data do suggest an attentional modulation in the smokers by the addiction-related stimuli, the interpretation of the findings in the present study is limited by the lack of a direct comparison with non-smokers. Finally, our craving manipulation involved a smoking deprivation of only 3 h, and thus it is unknown whether depriving the participants of smoking for a longer period would have resulted in different effects (e.g., 10+ h: . Although there were significant differences between the QSU scores in the craving and non-craving sessions, which suggests that our craving manipulation was effective, it should be noted that in the noncraving session, by the time the EEG data were collected (and the questionnaire was filled out), some time had elapsed between that and when the participants had most recently smoked. This time was only 30-45 min, but it is still possible that some participants were already starting to crave again, thereby making our non-craving condition not as Bpure^as those in other studies in which participants had smoked immediately before the start of the experimental tasks (e.g., Mogg & Bradley, 2002) .
In the addiction literature, a bias similar to the one we have seen here has been reported in a behavioral study of alcoholic patients who were abstaining from drinking during in-patient therapy (Townshend & Duka, 2007) . These patients appeared to avoid alcohol-related stimuli, perhaps in an attempt to control their addiction. Moreover, other studies on alcohol use in both social drinkers and patients who have recently begun to abstain from alcohol suggest that although there may be some initial engagement by alcohol-related stimuli, the predominant response to these stimuli is avoidance (i.e., attentional disengagement) or the lack of an attentional bias (Gladwin, Ter Mors-Schulte, Ridderinkhof, & Wiers, 2013; Noël et al., 2006; Vollstädt-Klein, Loeber, von der Goltz, Mann, & Kiefer, 2009 ). Since our participants appeared to be avoiding the smoking-related images, they were presumably implementing top-down control mechanisms to do so. It is also possible that the capture of attention by these addiction-related stimuli in our participants had grown weaker over time. In a model of addiction proposed by Di Chiara (2000), the notion was put forth that as the addiction to a substance becomes stronger and more habitual, the attentional bias would grow weaker, a finding that has been observed in smokers (Mogg et al., 2005) . Perhaps under the present circumstances, not only had the attentional bias grown weaker over time, but active control was also implemented throughout the duration of the experiment to avoid the addiction-related images, thereby resulting in the pattern of findings we observed here. Such an active control process could entail a predefined template for smoking-related images that, when one was detected, implemented a top-down mechanism to avoid such an image.
An interesting finding here is the role of craving (or lack thereof) in the processing of addiction-related stimuli. Strikingly, although we observed what could be interpreted as a withdrawal of attention from the smoking-related images (i.e., the shifting of attention toward the office-supply images on the other side), this effect was not modulated as a function of craving. These two processes therefore seem independent from one another, suggesting that craving does not drive attentional capture or attentional avoidance, at least at an early processing level. Since craving did modulate the P1, it is likely that in the craving condition participants may have had an overall greater level of attention present (Clark & Hillyard, 1996; Luck, Heinze, Mangun & Hillyard, 1990) , perhaps due to heightened arousal, and that this transferred in a broad (i.e., nonspecific) manner to our task.
Another factor that could have influenced the results here is experimental demand. Specifically, all of the participants in this study were recruited because they were smokers, and as such, they were fully aware that this study was examining some facet of addiction (although the specific nature of the investigation was not explained until the post-experiment debriefing). It is possible, however, that because the participants knew this, they altered their behavior in such a way as to avoid the smoking-related images. Our effects occurred early in time (~200 ms), and it is therefore not likely that participants were explicitly altering their behavior on a trial-by-trial basis by this time point (i.e., seeing a stimulus, processing it fully, then trying to avoid it due to wanting not to appear addicted), but such experimental demand characteristics may have played a more global role. Although we cannot rule this out as a possibility, the issue would be present for any study in which the participants were recruited on the basis of their addiction and shown addiction-related stimuli. As such, it is important to interpret these findings within the context of other studies that may also be susceptible to this factor.
In conclusion, our findings suggest that the capture of attention by an addiction-related image in smokers either does not automatically occur or is hindered by cognitive-control mechanisms, since we observed no evidence of such capture. If anything, participants were shifting their attention away from the smoking-related images, but doing so in a way that was not modulated by whether or not they were craving a cigarette. The effects of craving likely reflected overall arousal effects on the sensory processing of the visual stimuli, but the lack of any task-specific interaction suggested that such craving does not direct or shape the spatial attention toward an addiction-related stimulus. The results thus also suggest a dissociation between attentional-bias-related processes and craving effects in the human brain.
